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Abstract. In this article, we investigate non-trivial topological features in a
heterostructure of extreme magnetoresistance (XMR) materials LaAs and LaBi using
density functional theory (DFT). The proposed heterostructure is found to be
dynamically stable and shows bulk band inversion with non-trivial Z2 topological
invariant and a Dirac cone at the surface. In addition, its electron and hole carrier
densities ratio is also calculated to investigate the possibility to possess XMR effect.
Electrons and holes in the heterostructure are found to be nearly compensated, thereby
facilitating it to be a suitable candidate for XMR studies.
1. Introduction
The discovery of non-trivial topological materials like topological insulators (TI), topo-
logical superconductors (TSC), topological crystalline insulators (TCI), and topological
semimetals (TSM), etc., have drawn enormous attention theoretically as well as ex-
perimentally amongst condensed matter and material science community [1–11]. TIs
possess bulk band inversion and time-reversal protected surface states, which distin-
guish them from the conventional band insulators [1, 2]. These remarkable features of
non-trivial topological phases lead to exotic topological phenomena such as Majorana
fermions [12], quantum magnetoresistance [13], chiral anomaly [14, 15], etc. To realize
2the phenomena and applications of TIs, we need to have a bulk band gap and protected
surface states simultaneously. But, both of them are interdependent, therefore the at-
tempts of achieving one may destroy the other [16,17]. However, the unique properties of
non-trivial topological materials pave a new path to overcome the problems. Although
bulk band inversion directly ensures the presence of protected surface states, still the
specific band structure of the surface state is controlled by the prospective environment
near the surface. It indicates that engineering a heterostructure of suitable materials
with specific bulk and surface properties may provide an additional path to explore for
a new non-trivial topological material [18–20].
Recently, XMR materials like WTe2, TaAs, LaBi, PrBi, etc. [21–29], are found
to exhibit non-trivial topological properties. Previous reports manifested that in
topological semi-metals, surface protection by time-reversal symmetry (TRS) suppresses
the electron’s backscattering in the absence of magnetic field, while its presence breaks
TRS, which leads to XMR effect [22, 30]. In addition, XMR effect is also explained
by perfect (or nearly perfect) electron-hole compensation via semi-classical two band
model [31–34]. More interestingly, rare-earth monopnictides (LnPn, Ln = rare-earth
element and Pn = Bi, Sb, and As) are found to exhibit XMR effect, where some of
them like LaAs, LaSb, etc., are topologically trivial, while others like LaBi, CeBi, etc.,
are non-trivial [26, 33, 35, 36]. It is also observed that heterostructure made up of non-
trivial topological materials often leads to non-trivial topological heterostructure, and
may not be very surprising. It motivated us to investigate for topological properties in
heterostructure of topologically trivial and non-trivial XMR materials, and for that we
selected LaAs and LaBi. Since, the origin of XMR effect in LaAs and LaBi is manifested
by perfect electron-hole compensation [32–34], therefore we further calculated the ratio
of densities of electrons and holes (ne/nh) of the proposed heterostructure to investigate
its possibility to show XMR effect.
2. Computational details
DFT as implemented in VASP is used to perform all the electronic structure calculations
[37] with projected augmented wave (PAW) formalism [38] to include electron-ion
interactions. Perdew-Burke-Ernzehrof (PBE) functional within Generalized Gradient
Approximation (GGA) and hybrid functionals HSE06 are used to incorporate exchange-
correlation interactions [39, 40]. For band structure calculations, energy cut-off of 400
eV and a k-mesh of 11×11×7 are used. The system is optimized with PBE functionals
and relaxed until a minimum force of 0.001 eV.A˚−1 is reached for each atom in the unit
cell. Phonon-dispersion spectrum is calculated using Phonopy package to confirm the
dynamical stability of the proposed heterostructure [41]. The optimized crystal structure
is used to carry out the calculations of band structure with and without spin-orbit
coupling (SOC). To confirm the non-trivial topological phase, Z2 topological invariant
is calculated using Kane and Mele formula [42,43]. Further, maximally-localized Wannier
3functions (MLWF) are used to construct a tight-binding model using Wannier90 package
[44, 45], which is used to calculate the Fermi surface for determining the the ratio of
ne/nh. The surface dispersion spectrum is calculated using Green’s function iterative
approach as implemented in Wannier tools [46–48].
3. Results and discussions
To design the heterostructure, we consider alternate stacking of LaAs and LaBi unit
cells along [001] direction and formed its 1×1×2 supercell as shown in Figure 1(a).
The heterostructure is found to exhibit a centrosymmetric tetragonal crystal structure
having a space group of 129 (P4/nmm). The lattice parameters after optimizing the
crystal structure are found to be ‘a’ = 4.559 A˚ and ‘c’ = 12.825 A˚. In order to confirm
the dynamical stability, we performed its phonon dispersion calculations [Figure 1(c)]
by constructing 2×2×2 supercell for the equilibrium lattice parameters. No imaginary
phonon frequency is found in the phononic spectrum, indicating that the system is dy-
namically stable.
Figure 1: (color online) (a) 1×1×2 supercell of the proposed heterostructure of LaAs and
LaBi. Green, red, and violet spheres denote ‘La’, ‘As’, and ‘Bi’ atoms, respectively. (b)
First Brillouin zone of simple tetragonal structure and its projection on (001) surface.
(c) Phonon dispersion spectrum of LaAs/LaBi heterostructure.
3.1. Band structure and Z2 topological invariant
To determine the topological properties of the proposed heterostructure, first we have
plotted its band structure using PBE functionals with and without including the SOC
effect (Figure 2). It can be seen that valence band and conduction band overlap with each
other in both with and without SOC calculations, and are found to be semi-metallic.
In addition, band structure plots suggest that near the Fermi level only Bi-p orbitals
(shown by red triangles) and La-d orbitals (shown by green spheres) contribute in the
valence band and conduction band, respectively; while the contribution of As-p orbitals
(shown by blue diamonds) lie well below the Fermi level. Moreover, a finite gap of 0.08
eV between valence band maxima and conduction band minima is observed at M point
in band structure calculated without SOC. However on the inclusion of SOC, a band
4crossing between valence band and conduction band takes place along Γ-M direction,
dictating to a band inversion between La-d and Bi-p orbitals.
Figure 2: (color online) Bulk band structure of LaAs/LaBi heterostructure calculated
using PBE functionals (a) without SOC and (b) with SOC. Green spheres, red triangles,
and blue diamonds show the contribution of La-d, Bi-p, and As-p orbitals, respectively.
Arrow indicates the point of band crossing.
Since GGA underestimates the gap and may overestimate the band inversion, there-
fore we have plotted the band structure computed using HSE06 functionals with and
without SOC as depicted in Figure 3. From band structure calculated without SOC
[Figure 3 (a)], a finite gap of 0.451 eV is observed between valence band maxima and
conduction band minima at M point, which is much greater than the one calculated
using PBE functionals without SOC. Therefore, on the inclusion of SOC, the over-
lap between valence band and conduction band near M point is much less for HSE06
functionals than the PBE functionals and valence band maxima and conduction band
minima near the Fermi level touch each other at M point [Figure 3 (b)]. On close in-
vestigation, a small exchange between La-d and Bi-p orbitals is observed, indicating a
band inversion at M point. It signifies that LaAs/LaBi heterostructure is topologically
non-trivial. Since, only La-d and Bi-p orbitals are participating in band inversion for
both PBE and HSE06 band structures with SOC [Figure 2 (b), Figure 3 (b)], therefore
it can be interpreted that LaBi is playing prominent role in the non-trivial topological
behaviour of LaAs/LaBi heterostructure.
Further, the presence of space inversion as well as time-reversal symmetry in the
designed heterostructure enables us to calculate the Z2 topological invariant as suggested
by Kane and Mele [42,43]. A non-trivial topological phase in 3D is characterized by four
Z2 indices, i.e., (ν0;ν1ν2ν3). The value of first Z2 index (ν0) distinguishes the two distinct
classes of strong and weak topological phases and can be calculated from the equation
(−1)ν0 =
∏
i
δi (1)
where
∏
i
δi represents the parity product of all the occupied states at all time-
reversal invariant momenta (TRIM) points in three-dimensional BZ. Table 1 depicts the
5Figure 3: (color online) Bulk band structure of LaAs/LaBi heterostructure calculated
using HSE06 functionals (a) without SOC and (b) with SOC. Green spheres, red
triangles, and blue diamonds show the contribution of La-d, Bi-p, and As-p orbitals,
respectively. Inset shows the enlarged view of bands near the region indicated by an
arrow.
parity product at all eight TRIM points in the BZ of LaAs/LaBi heterostructure for
PBE and HSE06 functionals with SOC.
Table 1: Parity product at all TRIM points in the BZ for LaAs/LaBi heterostructure
using PBE and HSE06 functionals with spin-orbit coupling.
Functional TRIM points δm ν0
PBE+SOC
1A +
1
2R +
1Γ -
1M -
2X +
1Z -
HSE06+SOC
1A +
1
2R +
1Γ -
1M -
2X +
1Z -
It is observed that the value of ν0 for the heterostructure using PBE as well as
HSE06 including SOC turns out to be 1, indicating that the system is topologically
non-trivial.
It is to be noted that here we considered a heterostructure made up of two layers
6(N = 2) of LaAs and LaBi. However, on increasing the number of layers, we found that
heterostructures made up of odd number of layers possess a centrosymmetric tetragonal
crystal structure having a space group of 123 (P4/mmm), while heterostructures made
up of even number of layers possess a centrosymmetric tetragonal crystal structure
with a space group of 129 (P4/nmm). Meanwhile, the topological behaviour of their
heterostructures for both even and odd layers remains non-trivial. The band structures
for the heterostructures formed by N = 3 and 4 layers of the corresponding LaAs and
LaBi are provided in the Supplementary Material 1.
3.2. Surface state spectrum
To further investigate the non-trivial topological feature, we calculated the surface
properties of the heterostructure by projecting its bulk on (001) surface using the slab
method [46, 47, 49]. Since, bulk band inversion is observed using both PBE and HSE06
functionals with SOC, and protected surface states are directly ensured by the presence
of bulk band inversion, therefore we have used computationally less expensive PBE
functionals to calculate the surface state spectrum. From our DFT calculations, it is
found that only La-d and Bi-p orbitals are participating in the bulk band inversion
[Figure 2 (b)], therefore we constructed the MLWFs only for La-d and Bi-p orbitals,
and built the effective model Hamiltonian to calculate the surface state spectrum. The
surface band structure and momentum-resolved projected density of states of a 15-layer
slab along [001] direction of LaAs/LaBi heterostructure are plotted in Figure 4.
Figure 4: (color online) (a) Surface band structure and (b) momentum-resolved
projected density of states (bottom surface) along [001] direction of LaAs/LaBi
heterostructure calculated using PBE functionals with spin-orbit coupling. A Dirac point
is indicated by an arrow.
In the bulk spectrum, a crossing point is observed along Γ-M direction [Figure 2
(b)], while on projecting the bulk bands on (001) surface, a solid Dirac cone is observed
at M¯ point (Figure 4), indicating that the surface of LaAs/LaBi heterostructure is
topologically protected.
73.3. Calculation of ne/nh ratio
In order to determine the ne/nh ratio of the heterostucture, we plotted its Fermi surface
using a dense k-grid of 150×150×50 (Figure 5). From the band structure plot calcu-
lated using PBE functionals with SOC [Figure 2 (b)], we found that two of the valence
bands cross the Fermi level at Γ point, thereby leading to the two hole pockets at Γ
point. Similarly, at M point two of the conduction bands cross the Fermi level, therefore
forming two electron pockets at M point (Figure 5). The value of electron and hole
densities calculated by finding the volume of their corresponding pockets are 2.598 ×
1020 cm−3 and 2.40 × 1020 cm−3, respectively, and their ratio (ne/nh) turns out to be
1.082. Further, it is also observed that broadening of the k-mesh for the construction of
MLWFs leads to more accurate ne/nh values, but requires a huge computational cost
(details are provided in Supplementary Material 2).
Figure 5: (color online) Fermi surface of LaAs/LaBi heterostructure. (a) and (b)
represent the hole pockets at Γ point, while (c) and (d) represent the electron pockets
at M point.
Since LaAs and LaBi show XMR effect with perfect electron-hole compensation
[32–34], and their heterostructure is also showing nearly perfect electron-hole compensa-
tion, therefore LaAs/LaBi heterostructure is also a possible candidate for XMR studies.
4. Summary
It is summarized that LaAs/LaBi heterostructure is topologically non-trivial with a
surface Dirac cone along [001] direction. In addition, its electron and hole pockets are
also found to be nearly compensated, facilitating it to be a promising candidate for
exhibiting XMR effect. Therefore, the study provides an ideal candidate for a new
topological heterostructure with XMR effect, which may have promising applications in
realizing novel topological devices.
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